The effect of type of leachate (liquid) on self-healing capacity of the geosynthetic clay liners (GCLs) has been investigated by laboratory leakage rate tests. Four types of liquids, namely, tap water, 10 g/l NaCl solution, 100 ml/l ethanol solution and 11.1 g/l CaCl 2 solution were used. The test results indicate that the types of liquid have a significant effect on self-healing capacity of GCLs through the influence on the amount of hydration induced expansion of the bentonite inside GCLs. Free swelling index of the bentonite with the corresponding liquid can be used to evaluate the relative effect of the liquid. Also, for the conditions investigated, it seems that overburden stress () on the GCL samples does not change the general tendency of the effect of the types of liquid.
Introduction
Geosynthetic clay liners (GCLs) are widely used as liquid retaining liners in geotechnical and geoenvironmental engineering 1, 2, 3, 4) . However, GCLs can be easily damaged during installation process and the joints between GCL panels may form weaker zones. For example, Nosko and Touze-Foltz 5) reported an average defect density of 12.9/ha for a surveyed area of about 325 ha.
It is generally believed that GCLs have self-healing capacity owing to the expansion of bentonite, which is a main component of GCLs 4, 6, 7) . There are numerous literatures which investigated the effect of types of liquid on hydraulic conductivity of GCL or bentonite 4, [6] [7] [8] [9] [10] [11] [12] , but the effect of types of liquid on self-healing capacity of GCL is not well investigated. Further, there are two types of GCLs used in engineering practice, namely geomembrane supported GCL (GM-GCL) and geotextile encased GCL (GT-GCL). Due to the different structures, their self-healing capacity and main influential factors may be different. However, most test results in literature on the self-healing capacity of GCLs are for GT-GCL and there are only few results about GM-GCL 13) . In this study, effect of types of liquid on self-healing capacities of both GM-GCL and GT-GCL are investigated by a series of laboratory leakage rate tests under both constant head and falling head conditions.
Materials and their properties (1) GCLs
One GT-GCL and one GM-GCL are tested. The GM-GCL consists of a 4 mm-thick of granular bentonite layer glued onto a 0.5 mm thick of high density polyethyelene geomembrane (HDPE). The GT-GCL consists of granular bentonite powders encased by geotextiles, i.e. a nonwoven geotextile as "cover" and a woven geotextile as "carrier". The two layers of geotextile are connected by needle punched fibers with pitches of 3 mm  4.5 mm and thermal treatment. The weight of the GM-GCL and the GT-GCL are about 53 and 49 N/m 2 respectively. The same type of bentonite was used in both of the GM-GCL and the GT-GCL. The bentonites used by the manufacturer are from two locations and their chemical compositions are listed in Table 1 .
(2) Liquids
Tap-water, 10 g/l of NaCl solution, 100 ml/l of ethanol solution and 11.1 g/l of CaCl 2 solution were used as liquids in the tests. Values of pH and electric conductivity of the liquids are given in Table 2 . Table 2 also. 5  Trace  Trace  ----2  ----91  2   2  ----4  Trace  5  Trace  85  4  ( a Sampled from Colony and Lovell at Wyoming, USA) Following the procedure of Method-C of ASTM D 4546-96, swelling pressures of the bentonite were tested using an oedometer device. Initial water content of the bentonite was adjusted to about 30% -100% and put into a mold of 60 mm in diameter and 20 mm in height. Apply a vertical pressure of 300 kPa for 2 hours to compress the sample. The resulting sample had a dry density of 760 kg/m 3 -1,020 kg/m 3 . Then the sample was cut into 5 mm in thickness and reset into the equipment for swelling pressure test. The tests were conducted with constant volume condition and liquid was supplied until there was no more pressure change. Swelling pressure versus final water content of the samples is presented in Fig. 1 . The result shows that the tap-water and the ethanol solution have about the same swelling pressure, but the NaCl solution has much lower swelling pressure when compared under the same water content condition. Fundamentally, the self-healing of GCL is the expansion of bentonite into a damage hole and/or squeezing of hydrated bentonite into the hole by overburden pressure. Undrained shear strength (S u ) value is a key parameter affecting the squeezing effect. S u values of the bentonite with different water content of using the tap-water, the NaCl and CaCl 2 solutions were measured by a laboratory vane shear device and the results are shown in Fig. 2 . The blade of the vane has a diameter of 20 mm and height of 40 mm. It can be seen that under the same water content condition, S u values of using the NaCl and CaCl 2 solutions are lower. This is because the bentonite with the NaCl and CaCl 2 solutions has lower w L values as indicated in Table 2 . At a water content of about 200%, it is close to w L value for the NaCl solution, but it is only about 1/3 of w L value of the tap-water case.
Leakage rate tests and results
Both constant head and falling head devices were used to accelerate the test program and provide a cross check on the reliability of test results. Sealing between the cylinder and the piston is achieved by a 4 mm diameter 'O' ring lubricated with silicone grease and fixed around the piston.
A schematic description of the falling head test device is shown in Fig. 4 . The main body of the device is made of copper, and consists of lower and upper parts. The lower part consists of a container with 150 mm inner diameter. A porous stone, 50 mm in diameter, is inserted at the center of the bottom of the container. The upper part of the device is a loading plate, 150 mm in diameter, with a porous stone, 120 mm in diameter, inserted at the center and in turn connected to a burette. The cross-sectional area of the burette is 200 mm 2 . For both the constant head and falling head tests, the overburden pressure can be applied is up to 200 kPa, and the GCL specimen can be tested is 150 mm in diameter. GCL specimens were cut into 150 mm-diameter and make a hole of 30 or 40 mm in diameter in the center by a driller and/or cutter. For the GM-GCL, the GM side is glued to the piston (constant head test) or the loading plate (falling head test) on an annulus area along the outer periphery so as to prevent flow at GM/piston or GM/loading plate interface. Whereas for the GT-GCL, the sample is placed in the lower part of the device, then put paste of bentonite around the periphery of the sample to prevent leakage through the possible gap between the periphery of the specimen and the equipment. b) Constant head leakage rate test
Install the piston (with GCL specimen attached in case of the GM-GCL) into the cylinder. Then install the loading system and apply desired pressure (0 or 200 kPa) and maintain for 1 hour. Pour liquid into the cylinder with a water head of 320 mm above the GCL specimen then start the test. Measure the outlet flow rate periodically until stable. The liquid is added periodically to maintain a constant water head. c) Falling head test Set up the test and apply the desired overburden pressure (200 kPa) and maintain for 1 hour before start the leakage rate test. Set up water head of about 1000 mm on the top of the specimen through the burette. Open the valve for inlet flow and start the test; and record water level in the burette periodically. The test is continued until the calculated apparent hydraulic conductivity becomes stable.
(3) Conditions investigated
The result reported here is part of the results of a comprehensive investigation program on the self-healing capacity of GCL. The results of overburden pressure () and apparent permittivity () of the damage holes with different size have been reported by Sari and Chai 14) already. In this study, the effect of the types of liquid is investigated mainly under the condition of diameter (d) of a damage hole of 40 mm and  = 0 kPa. To further consider the mutual effect of the types of liquid and  value, as well as referring the existing data reported by Sari and Chai 14) , some tests were conducted under d = 30 mm and  = 200 kPa conditions.
Results and Discussion
(1) GM-GCL To quantify the liquid flow through the healed or partially healed damage hole, the apparent permittivity () of the damage hole is defined as:
where Q is the total flow rate, A i is the initial area of damage hole, and Δh is head difference above and below the GCL sample. of CaCl 2 case is almost 2 orders higher than that of the ethanol case. To further quantify the self-healing capacity, a parameter of area healing ratio ( h ) is defined as 14) :
where A f is the final unhealed area of a hole which can be measured after the test. For d = 40 mm and  = 0 and under constant head condition, the  h values of using the tap-water, ethanol solution, NaCl and CaCl 2 solutions are 88, 90, 60 and 51 % respectively. They are the same order as those of free swelling index (Table 2) . Relatively the larger the free swelling index, the higher the  h value. Some photos of GCLs after the tests are shown in the Fig. 6 . The effect of types of liquid on the self-healing -95 -capacity of GCL can be explained by diffusive double layer (DDL) theory. According to Mitchell and Soga 15) , the thickness of DDL (1/K) is related to square root of dielectric constant, D, while D is reversely related to electric conductivity, EC (D 1/EC) of the solution, i.e. the larger the EC value, the smaller the 1/K value. In addition, the higher cation concentration and higher valence of cation, the smaller of the value of 1/K. A direct indication of 1/K value may be the free swelling index, in which the value for CaCl 2 is 9 mL/2g, which is about 42% of the value for the tap-water case ( Table 2) . The thinner DDL means that under a given condition the bentonite will expand less, and leave a relative larger portion of a damage hole not being healed. The smaller  value for the ethanol solution compared to the tap-water case may be due to the viscosity of the solution. Petrov et al. 8) reported that ethanol-water mixture with concentrations < 50% increased viscosity and decreased hydraulic conductivity of GCL.
Comparing the results in Figs. 5(a) and (b) indicates that the general tendency of the effect of the types of liquid is not changed by the overburden stress. Sari and Chai 14) discussed that value has two effects. One is squeezing hydrated bentonite into a damage hole, which can increase the self-healing capacity of a GCL. Other is to hinder hydration of the bentonite around a damage hole which may reduce the self-healing capacity. After the leakage rate test, the water contents of the bentonite expanded/squeezed into the hole, as well as around the hole were measured and the results are depicted in Fig. 7 
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1.0E-02 (2) GT-GCL Unlike GM-GCL, for GT-GCL, the liquid can flow through the undamaged area also even the flow rate may be very small. To investigate the effect of the types of liquid on self-healing capacity, the flow rate (Q h ) through the hole of GT-GCLs is defined as follows:
where Q int is the flow rate through the intact part of a specimen. Q int value can be measured by the flow rate tests using the intact sample. Using Eq. (3) and considering the steady state condition,  values for four different liquids are compared in Fig. 9 . It can be seen that  values of the NaCl and CaCl 2 cases are more than and 3 orders higher than that of the tap-water case. The degree of the effect of the types of liquid is more than that of the GM-GCL, and it may due to the different structure of the GT-GCL compared to the GM-GCL.
Some photos of the GT-GCL samples after leakage rate tests are shown in Fig. 10 . They are similar with those of GM-GCL in Fig. 6 . The area healing rates ( h ) are 93%, 99% and 51% for the tap-water, ethanol solution and NaCl solution respectively.
The water contents of the bentonite in the healed area in the hole and surrounding area of GT-GCL samples tested were measured and shown in the Fig. 11 . The values are comparable with that of GM-GCL (Fig. 7) , but little bit lower. It is considered may be due to some restriction from the needle punched fibers connecting two layers of the geotextiles in the GT-GCL. The bentonite in the GT-GCL specimen was obtained by cutting sub-sample from the GT-GCL specimen at appropriate locations and then separated the bentonite and geotextiles of the sub-samples. 
Conclusions
The effect of types of liquid on self-healing capacity of the geosynthetic clay liners (GCLs) has been investigated by laboratory leakage rate tests. Four types of liquid, namely, tap-water, 10 g/l NaCl solution, 100 ml/l ethanol solution and 11.1 g/l CaCl 2 solution were used. Based on the test results, following conclusions can be drawn.
(1) Types of liquid have a significant effect on self-healing capacity of both geomembrane support GCL (GM-GCL) and geotextile encased GCL (GT-GCL). The mechanism of the influence is due to different thickness of diffusive double layer (DDL) formed around bentonite particles inside GCLs. The thicker of DDL, the higher the self-healing capacity. Free swelling index of the bentonite with the corresponding liquid can be used to evaluate the relative effect. (2) For the conditions investigated, it seems that increase overburden pressure () did not change the general tendency of the effect of the types of liquid.
Increasing value can enhance the squeezing effect, and it tends to increase self-healing capacity of GCL, but it also can restrict the amount of the expansion of the bentonite due to hydration which intends to reduce the self-healing capacity of GCL. The practical implication of the results from this study is that for design a landfill liner system, if the possible leachates will be enrich of cations, the self-healing capacity of GCLs will be limited and composite liner systems may be used.
